Introduction
Diffusion tensor imaging (DTI) is a magnetic resonance imaging technique that allows for noninvasive, quantitative measurement of the magnitude and direction of microscopic water diffusion within tissues. This technique is considered to be particularly valuable in the study of brain white matter, in which the microscopic diffusion of water molecules may reflect changes in microstructural and extracellular components that are specific to this tissue, such as myelin, cell membranes, cytoskeletal structures within axons, and extracellular macromolecules. 1 DTI can be used to generate multiple metrics to quantify and describe the microscopic movement of water, including fractional anisotropy (FA), a measure of the non-random microscopic movement of water within a voxel; radial diffusivity (RD), a measure of water movement perpendicular to the major axis of diffusion; and apparent diffusion coefficient (ADC), a measure of the overall rate of water movement. In particular, RD has been correlated with measures of myelination in previous studies by our group and others. 2, 3 DTI may also be used to generate a diffusion tensor, which describes the pattern of the microscopic movement of water molecules in three-dimensional space within a voxel. This tensor is described by matrix diagonalization using three eigenvalues (1, 2, and 3) . In particular, 1, also known as axial diffusivity, is a measure of the diffusion of water molecules along the major axis of diffusion, and has been traditionally associated with axonal integrity (vs myelination, which has been associated with RD). [2] [3] [4] [5] Use of these DTI metrics may allow researchers and physicians to better understand normal brain anatomy and development, as well as to understand the impact of neurological diseases and to follow and quantify responses to treatment.
The use of DTI metrics in animal models may allow for better understanding of the pathophysiology of neurological disease and its response to treatment not yet proven in humans. In particular, the canine brain is an excellent model to study neurological disease, because canines are subject to a number of diseases that also occur in humans, such as the development of amyloid plaques and angiopathy in the aging brain, as well as tumors, stroke, and encephalitis. [6] [7] [8] [9] [10] Canine models of lysosomal storage diseases, such as Krabbe disease, mucopolysaccharidosis type 1, and GM1 gangliosidosis exist and may be used to study different forms of white matter pathology. [11] [12] [13] Highresolution DTI imaging of these canine models ex-vivo may provide information about the pathophysiology of these diseases that cannot be readily discerned from current studies of human patients. These models may also be used to study the response of these diseases to novel therapies, such as intrathecal enzyme replacement. 11 Methods to reliably measure DTI metrics within specific brain regions may facilitate quantitative comparisons between unaffected and disease canine specimens as well as follow responses to novel treatments.
Sophisticated autosegmentation methods have been developed for the interrogation of specific regions within the human brain for magnetic resonance imaging (MRI) analysis. 14, 15 These methods often involve the automated nonlinear transformation of a widely accepted human brain atlas into the space of a subject or specimen to be studied. Similar methods have been optimized for use in small animals, such as mice. 16, 17 Previous work by our group has shown that autosegmentation is a viable and reproducible method for quantitative DTI analysis in canine brains when used to transform a region in one specimen into the space of another. 18 However, such methods are computationally intensive and have the limitation of distortion of data during the transformation process. Furthermore, due to the lack of an accepted canine brain atlas, this method requires the manual creation of a template that may be transformed into the space of another brain. Both the creation of the template and the autosegmentation process are time-consuming, requiring several days of active time to complete. Finally, the autosegmentation method produces only a single data point per image slice, and is therefore of limited use when the specimen sample size is low.
In the present study, we set out to evaluate a novel interrogation technique for the quantitative study and comparison of specific white-matter regions in the canine brain using very high-resolution DTI. The goal was to provide a less computationally and timeintensive technique that allows reliable evaluation of DTI metrics within specific brain regions in the canine brain and could be used for cross-sectional and longitudinal studies of canine models of central nervous system diseases. We hypothesized that interrater differences in the averaged values of FA, RD, and the three eigenvalues across all contiguous slices would not exceed 10%. In addition, we hypothesized that average inter-rater differences in the averaged values of FA, RD, and the three eigenvalues within each individual slice would also not exceed 10%.
Methods

Study population
The study population consisted of five normal canines from two research institutions with which our research group collaborates. Three normal sevenweek-old canine brains were acquired from the Iowa State University Department of Animal Science. All three were obtained from a litter used to study the canine model of mucopolysaccharidosis (MPS) type 1; all three were unaffected by the disease. In addition, two normal 17-week-old canine single hemispheres were acquired from the University of Pennsylvania from a litter used to study a canine model of Krabbe disease; again, both specimens were unaffected by the disease.
Specimen acquisition and preparation
All canines at both partner institutions were euthanized according to the respective Departments' Institutional Animal Care and Use Committee (IACUC).The three seven-week-old canines from Iowa State University were administered intravenous (IV) heparin (0.5 ml, 500 U/dog) 10 min before euthanization with Euthasol (200 mg/kg), until respiration and cardiac activity had stopped and corneal and pedal reflexes were absent. Perfusion catheters were placed in each of the carotid arteries, the arteries were clamped below the catheter placement, and the abdominal aorta was cut. The dogs were perfused first with a 0.9% sodium chloride solution and then with a solution of 10% Magnevist (Bayer Healthcare Pharmaceuticals, Whippany, New Jersey, USA) in 10% formalin. Following perfusion, most of the skin, subcutaneous tissue, and muscle was removed from the head. The heads were then placed in a 10% formalin solution and allowed to post-fix for 24 h at room temperature. After 24 h, the heads were transferred to a solution of 1% Magnevist in 10% formalin and shipped to Duke University at room temperature. Upon receipt of the 340
The Neuroradiology Journal 30 (4) heads, the brains were carefully removed from the skulls using an atraumatic technique. The two 17-week-old canines from the University of Pennsylvania were also administered intravenous (IV) heparin (0.5 ml, 500 U/dog) 10 min before euthanizing with an overdose of IV barbiturates. The dogs then underwent transcardial perfusion with 0.9% sodium chloride solution through the left ventricle while blood was drained from the right atrium to exsanguinate the carcass. The brains were fully removed from the skulls and placed in a solution of 10% formalin before shipping to our institution.
Two weeks before image acquisition, all specimens were immersed in a solution of 1% ProHance in phosphate-buffered saline (pH 7.4) in order to allow the contrast material to diffuse into brain tissue. This shortens the T1 relaxation time of the tissue, allowing for a shorter image acquisition time by decreasing repetition time (TR).
Imaging
All specimens were scanned using an identical protocol on a 7T small-animal MRI system (Magnex Scientific, Yarnton, Oxford, UK) equipped with 670 mT/m Resonance Research gradient coils (Resonance Research Inc., Billerica, Massachusetts, USA) using a 65 mm internal diameter quadrature radiofrequency (RF) coil (M2M Imaging, Cleveland, Ohio, USA). The system was controlled with an Agilent Direct Drive console (Agilent Technologies, Santa Clara, California, USA) for the Iowa State specimens, and with a General Electric Signa console (GE Medical Systems, Milwaukee, Wisconsin, USA) for the University of Pennsylvania specimens. The images were acquired using a custom-designed six direction diffusion-weighted spin-echo pulse sequence (TR ¼ 100 ms, echo time (TE) ¼ 18.1 ms, number of excitations (NEX) ¼ 1, b value ¼ 1506 s/mm 2) . The acquisition matrix was optimized to fit the dimensions of each canine brain and adjusted for a field of view producing a Nyquist-limited isotropic voxel size of 100 mm and a slice thickness of 100 mm for the Iowa State specimens, and voxel size and slice thickness of 200 mm for the University of Pennsylvania specimens. Diffusion imaging preparation was performed using a modified Tanner-Stejskal diffusion-encoding scheme with a pair of unipolar, half-sine diffusion gradient waveforms. Total acquisition time was approximately 40 h for each of the Iowa State specimens and 12 h for each of the University of Pennsylvania specimens. Following image acquisition, the data for each brain were then smoothed using the smallest univalue segment assimilating nucleus de-noising algorithm implemented in the FMRIB Software Library with a three-voxel-kernel radius. For each brain, maps of the three eigenvalues, the three eigenvectors, and FA were reconstructed using Diffusion Toolkit Version 0.6.2. RD maps were calculated by averaging the 2 and 3 eigenvalue maps, which represent the two non-dominant diffusion axes as discussed above using ImageJ Version 1.5. FA and RD were calculated using the equations below.
or the mean of the eigenvalues, referred to as mean diffusivity
DTI metric acquisition and comparison
Regions of interest (ROIs) were placed on coronal sections of the B0 map for each brain using ImageJ following criteria described below. These ROIs were then applied to the eigenvalue, FA, and RD maps to measure the mean value of each metric within each ROI in four white-matter regions. This process was repeated for each specimen.
ROI placement criteria
We interrogated four white-matter regions: anterior and posterior regions in the internal capsule (referred to as AIC and PIC, respectively), and anterior and posterior regions in the centrum semiovale (referred to as ACS and PCS, respectively). These regions were selected because previous studies of canine models of MPS and Krabbe disease have shown abnormal MRI findings in these regions. 19, 20 In addition, these regions were considered appropriate for their high volume of white matter and capacity to support many non-overlapping square ROIs within this volume. Smaller white-matter regions, such as the splenium and genu of the corpus callosum, could not support square ROIs of adequate size and were thus not included the present study. We elected to use multiple square ROIs per image slice to maximize the number of data points collected, and therefore allow for robust comparisons even when the sample size of specimens is low. All ROIs were placed in the coronal section following human slice orientation conventions. For each brain region, we defined strict anatomical boundaries in the dorsal, ventral, rostral, and caudal directions in order to minimize variations in ROI placement. We then selected 10 contiguous images containing the most robust whitematter volume within each of the four regions. These slices were defined using anatomic landmarks to ensure that comparable slices were sampled in all specimens acquired from each partner institution. Two raters independently tested multiple square ROI dimensions placed within these slices and agreed upon a standardized ROI size for each region in each specimen. Dimensions were chosen to maximize both the size of the ROIs (and thus the signal-to-noise ratio) and the reproducibility of the DTI metric measurements, while allowing the raters to avoid sampling surrounding structures or gray-matter striations.
The following criteria were then described in order to standardize ROI placement and ROI number per slice between raters. Following these criteria, each rater independently sampled across 10 contiguous image slices by placing five square ROIs per hemisphere per slice, for a total of 50 ROIs per region in each hemisphere of the complete brains acquired from Iowa State University (i.e. a total of 100 ROIs per region for each brain) and 50 ROIs per region in the single hemispheres acquired from the University of Pennsylvania. All ROIs were centered within the anatomical boundaries of the region under investigation; no more than one-third of any single ROI extended beyond these boundaries, and no single ROI extended into non-white-matter brain regions. Manually placing all ROIs in a single brain region took approximately one hour per specimen for each rater.
Criteria for ROI placement in each of the four whitematter regions are described below.
Internal capsule. The internal capsule is defined as the white-matter region passing between the structures of the basal ganglia, namely between the claustrum and the caudate anteriorly and the claustrum and the thalamus posteriorly. In humans, the internal capsule clearly comprises of a distinct anterior and a posterior limb bilaterally. In canines, the demarcation between these two portions is less clear and was defined as the following: the AIC was defined as the portion bounded medially only by the caudate, and the PIC was defined as the portion bounded medially by the caudate and the thalamus. We interrogated the anterior and posterior portions of the internal capsule separately in our canine specimens because abnormal findings have been found specifically in the posterior limb of the internal capsule in previous studies of Krabbe disease in humans. 21 AIC. In coronal section, the dorsal border of the AIC was defined as an imaginary line drawn from the superior tip of the caudate to the superior tip of the claustrum (black line in Figure 1 ). The ventral border was defined as the band of gray matter separating the internal capsule and the anterior commissure (white line in Figure 1(b) ). Ten contiguous slices containing the most robust white-matter volume and fewest gray matter striations and perivascular spaces were selected. These slices were then defined using anatomical landmarks to ensure that comparable slices were selected in each specimen from each partner institution. For the 17-weekold single hemispheres from the University of Pennsylvania, the rostral-most slice selected was defined as the slice in which the genu of the corpus callosum borders the body or, more specifically, the rostral-most slice in which the widest portion of the corpus callosum was less than twice the width of the narrowest portion. For the seven-week-old, whole-brain specimens from Iowa State University, the rostralmost slice sampled was defined as the rostral-most slice in which the anterior commissure can be seen decussating across the midline.
As mentioned earlier, standardized ROI dimensions were used in each specimen. For the seven-week-old 
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The Neuroradiology Journal 30 (4) specimens, ROIs with a size of 144 pixels were used; for the 17-week-old specimens, those having a size of 64 pixels were used. Following the anatomical boundaries described above, two raters independently placed five ROIs of the above dimensions in the anterior capsule in each slice bilaterally. These ROIs were placed using the B0 map, avoiding the inclusion of any gray matter striations or perivascular spaces. In the seven-week-old specimens, the dorsal-most portion of the AIC was sampled; this decision was made because the ventral boundary of the internal capsule was not distinct in those slices due to the fact that the internal capsule is contiguous with the cerebral peduncles ventrally. These ROIs were then superimposed on the FA, RD, 1, 2, and 3 maps, and the average values of these metrics within the ROIs were compared between raters.
PIC. The PIC was defined as the portion of the internal capsule passing between the claustrum and both the caudate and thalamus. In coronal section, we defined the dorsal border of the internal capsule as the imaginary line drawn from the tip of the caudate to the tip of the claustrum (black line in Figure 2 ). The ventral border was less distinct because the internal capsule is contiguous with the cerebral peduncles ventrally.
As in previous regions, 10 contiguous slices containing the most robust white-matter volume and fewest gray-matter striations and perivascular spaces were selected and defined using anatomical landmarks. In the 17-week-old specimens, the PIC spanned 30 slices, and solely the middle 10 slices were sampled. In the seven-week-old specimens, the rostral-most slice sampled was the rostral-most slice in which the thalamus was seen spanning the full length of the internal capsule. Again, two raters independently placed five ROIs per hemisphere per slice on the B0 map. ROI dimensions were the same as those used in the AIC for each specimen. Both raters sampled the dorsalmost portion of the PIC (Figure 2 ) because the ventral border was not distinct. Again, these ROIs were then superimposed on the FA, RD, 1, 2, and 3 maps, and average values of these metrics within the ROIs were compared between raters.
Centrum semiovale. Two regions were defined within the centrum semiovale, one in the anterior half (designated as ACS) and one in the posterior half (designated as PCS), where the volume of white matter was particularly robust in all specimens. These regions were defined as the thick strips of white matter between the superior portion of the internal capsule (black line in Figure 3 ) and the lateral border of the corpus callosum, which was defined as the imaginary horizontal line drawn from the supero-lateral aspect of the lateral ventricle (white line in Figure 3 ). As in the internal capsule, 10 contiguous slices where the white matter was most robust were chosen within the ACS, and 10 contiguous slices were similarly chosen within the PCS. These slices were then defined using anatomical landmarks. The same landmarks were used to select the same slices in all specimens from each partner institution.
ROI dimensions were again selected in order to maximize the size of the ROIs (and thus maximize the signal-to-noise ratio) while minimizing the inclusion of surrounding structures and variations in ROI placement between raters. Ultimately, the same ROI dimensions were used in the ACS and PCS as those used in the AIC and PIC for each specimen. Using the B0 maps, both raters independently placed five ROIs per hemisphere per slice in an arc following the contour of the superior tip of the caudate. ROIs were placed in the middle-most portion of the ACS and PCS, as both regions were sometimes wider than the dimensions of the ROIs. Because different structures were visible in the two sets of specimens, different anatomical landmarks were used in the seven-week-old complete brains than in the 17-week-old single hemispheres. For the ACS in the seven-week-old complete brains, the rostral-most slice sampled was the rostral-most slice in which the anterior commissure could be seen decussating across the midline. For the PCS in the seven-week-old complete brains, the rostral-most slice sampled was the rostral-most slice in which two separate optic tracts could be clearly delineated caudal to the optic chiasm. For the ACS in the 17-week-old single hemispheres, the caudal-most slice sampled was the rostral-most slice in which the anterior commissure could be seen decussating across the midline. For the PCS in the 17-week-old single hemispheres, the rostral-most slice sampled was the rostral-most slice in which the thalamus was visible medial to the internal capsule. These ROIs were then superimposed on the FA, RD, 1, 2, and 3 maps, and average values of these metrics within the ROIs were compared between raters.
Inter-rater comparisons
For each DTI metric, overall pooled ROI values and slice-by-slice averages were compared between the two independent raters (R1 and R2, respectively). For the overall pooled comparison, values measured from all ROIs placed in each region by each rater were averaged and compared. For the slice-by-slice comparison, values measured from ROIs placed in each image slice per hemisphere were averaged and compared between raters on a slice-by-slice basis. This was done to assess the reproducibility of the present technique when a limited number of slices were used. Percentage difference was calculated using the following formula:
where R1 and R2 ¼ average values for each rater, respectively.
Results
ROI placement took approximately one hour for each rater to complete in one brain region per specimen. For each brain region, average values of each of the DTI metrics (FA, RD, and the three eigenvalues) within each of the ROIs placed by the two independent raters were averaged and compared by specimen. The mean percentage difference between raters for all DTI metrics when pooled by each region and specimen was 1.44% (range: 0.01-5.17%). Overall percentage differences in all DTI metrics across all brain regions were comparable between seven-week-old and 17-week-old specimens, with an overall mean percentage difference of 1.41% in the seven-week-old specimens and 1.49% in the 17-week-old specimens. A breakdown of percentage differences in each DTI metric by brain region is shown in Table 1 . Slice-by-slice averages were also compared to assess the reproducibility of the present technique when a limited number of slices were used. The mean percentage difference between raters for all DTI metrics when compared by individual image slice was 2.23% (range: 0.75- 
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The Neuroradiology Journal 30(4) 4.58%) per hemisphere. Again, results in the sevenweek-old specimens were comparable to results in the 17-week specimens, with an average slice-by-slice percentage difference of 2.37% in the seven-week-old specimens and 2.01% in the 17-week-old specimens. A depiction of slice-by-slice differences in each DTI metric by brain region is also shown in Table 1 .
Discussion
The canine brain provides a useful model for the study of normal neuroanatomy and the pathophysiology of neurologic disease, such as lysosomal storage diseases, which include Krabbe disease and mucopolysaccharidosis type 1. [11] [12] [13] In particular, very high-resolution DTI may provide researchers with effective tools to quantitatively study and compare measures of whitematter structure and axonal integrity. [2] [3] [4] The canine brain differs substantially from the brains of other animals used as models for human central nervous system (CNS) diseases, such as mice and rats, due to the larger size of the canine brain and its propensity for spontaneous disease which is similar to disease in humans, such as gliomas. 10 Few established methods exist for the quantitative measurement of DTI metrics in specific regions of the canine brain. Provision of an intuitive, reproducible method for measuring DTI values without the need for the advanced computational hardware (e.g. that needed for autosegmentation) addresses an unmet need. The present study describes and evaluates a novel ROI technique used to sample regions in the canine brain in very high-resolution DTI. Comparisons in the measurements between two independent raters demonstrated that the technique described is highly reproducible, even when applied to canine specimens of differing age, morphology, and image resolution. Overall differences when all ROIs were pooled together confirmed our hypothesis that the technique would be reproducible within 10% in all metrics; inter-rater comparisons exceeded expectations, with reproducibility sometimes rivaling the reproducibility of the autosegmentation method described in an earlier study by our group. 18 Slice-by-slice comparisons showed that the technique described is reproducible even when very few image slices are sampled. Thus, the technique remains reliable even when studying smaller volumes of white matter, and could potentially be used to study smaller brain regions that are only present in a small number of images slices.
In human MRI studies, autosegmentation is often preferred as it takes less time to perform than manual sampling. However, in this case manual sampling in the canine brain took considerably less active time than the autosegmentation method previously described by our group. 18 Both methods require the researchers to first define anatomical boundaries and select optimal image slices; however, the autosegmentation method requires several days of active time to perform the necessary linear and non-linear transformations for a single brain region, while the manual method presently described required only a few hours to place ROIs in the same region. Nevertheless, although the manual method presently described is shown to be highly reproducible, the autosegmentation method remains the most reproducible method known to us.
The technique described in the present study may be applied in future studies to quantify DTI metrics within key brain regions in the canine brain. This may allow researchers to perform comparisons between diseased canine brains and normal controls, or within individuals in longitudinal studies before and after treatment.
Limitations
The present study was subject to a number of limitations. Firstly, large ROI dimensions were selected to maximize signal-to-noise ratio and reproducibility of DTI measurements. This necessity limits the use of this technique in smaller brain regions that cannot support square ROIs of adequate size.
Secondly, because no widely accepted method exists for the quantitative measurement of DTI metrics in the canine brain, we could not compare our technique to a widely accepted form of measurement. Given the high reproducibility of our technique, we hope that the technique described in the present study will represent a new standard for future quantitative analyses of the canine brain in studies using highresolution DTI. Table 1 . Depiction of percentage differences between raters in each diffusion tensor imaging (DTI) metric by brain region: (a) overall percentage differences in each DTI metric when all regions of interest (ROIs) are pooled by brain region; (b) mean slice-byslice percentage differences in each DTI metric when ROIs are compared by individual slice. AIC: anterior internal capsule; ACS: anterior centrum semiovale; FA: fractional anisotropy; PCS: posterior centrum semiovale; PIC: posterior internal capsule; RD: radial diffusivity. 1, 2, 3: the three eigenvalues; Values were averaged by hemisphere across three whole-brains and two single hemispheres, for a total of n ¼ 8 hemispheres.
